The above experiments and SOM provide an
atomic-level perspective on the formation of warm
dense matter. The observations demonstrate that
warm dense gold is formed in a purely thermal
process. Previously observed quasi-steady state sig-
natures in the optical response cannot be assigned to
instantaneous, nonthermal formation of a liquid-like
state. The difference in the rate of substantial super-
heating and lattice disordering, at the predicted elec-
tronic temperatures for increased lattice stability,
supports a photo-induced bond hardening mech-
anism and the concept of a 7.-dependent melting
temperature. The increased lattice stability will
also increase the barrier to nucleation as the elec-
tron distribution and nuclear configurations are
strongly coupled. Full-scale ab initio molecular
dynamics calculations are now needed to under-
stand this phenomenon to which the experiment
provides rigorous benchmarks for comparison.
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Switching Off Hydrogen Peroxide
Hydrogenation in the Direct

Synthesis Process

Jennifer K. Edwards,® Benjamin Solsona,* Edwin Ntainjua N,* Albert F. Carley,*
Andrew A. Herzing,>* Christopher J. Kiely,> Graham J]. Hutchings®*

Hydrogen peroxide (H,0,) is an important disinfectant and bleach and is currently manufactured
from an indirect process involving sequential hydrogenation/oxidation of anthaquinones. However,
a direct process in which H, and O, are reacted would be preferable. Unfortunately, catalysts for
the direct synthesis of H,0, are also effective for its subsequent decomposition, and this has
limited their development. We show that acid pretreatment of a carbon support for gold-palladium
alloy catalysts switches off the decomposition of H,0,. This treatment decreases the size of the
alloy nanoparticles, and these smaller nanoparticles presumably decorate and inhibit the sites for
the decomposition reaction. Hence, when used in the direct synthesis of H,0,, the acid-pretreated
catalysts give high yields of H,0, with hydrogen selectivities greater than 95%.

ydrogen peroxide (H,0,) is an important
Hcommodity chemical used primarily for

disinfection and bleaching (/) and will
be used in the future for the manufacture of pro-
pylene oxide using the titanium silicalite TS-1 as
a catalyst (2). It is currently produced by an in-
direct process in which H, and O, are kept apart
using the sequential hydrogenation and oxidation
of an anthraquinone (2). For economic reasons,
the indirect process is carried out on a large scale
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and produces concentrated H,0O», although most
applications require very dilute solutions. Direct
processes that oxidize H, have been investigated,
and supported palladium catalysts are known to
be effective (3—5). However, as in any redox
process where a reactive intermediate is required
as the final product, the key problem is stabilizing
the resulting H,O, so that it does not decompose
and form water. Indeed, all catalysts so far
identified for direct H,O, synthesis are equally
effective for its sequential hydrogenation or de-
composition to water (6—/2) (Scheme 1), and
acid and halides must be added to ensure that
some H,0; is retained (6, 9-12).

To date, the best H, selectivity reported for
the direct synthesis process using Pd is ~80% (3).
We have shown (8, 13-16) that alloying gold
with palladium markedly enhances the catalyst
activity and selectivity, with a selectivity of 80%

being achieved even in the absence of halide and
acid promoters (/7). For commercial competi-
tiveness with the indirect process, it is essential
that H, selectivity is increased to >95%. We have
now addressed this problem and show that acid
pretreatment of carbon support materials can
switch off the sequential hydrogenation and de-
composition of H,O,, thereby achieving the target
selectivities and producing high rates of H,O,
synthesis under intrinsically safe conditions.

We have previously investigated a variety of
support materials for Au-Pd catalysts (8, 13, 14, 16)
and, specifically, the selectivities for H, utiliza-
tion under our standard reaction conditions (/&)
are carbon (80%) ~ SiO, (80%) > TiO, (70%) >
ALO; (14%) (17). To understand these selectiv-
ity differences, we investigated the hydrogena-
tion and decomposition of H,O, over these
catalysts and supports (Table 1). The oxide sup-
ports showed no activity in the absence of the
metals, but the carbon support did show some
reactivity, as noted previously (/5). When the
metals are added, all show appreciable activity
for these nonselective reactions with the order of
activity being broadly in line with the observed
H, selectivities in the synthesis reaction. Because
these catalysts are prepared by wet impregnation
of an acidic solution of the metal salts onto the
support (/8), we investigated the effect of an ini-
tial acid pretreatment step in which the support

2H,0

2
%
HZOZ

H,0+050

2

Scheme 1.

www.sciencemag.org SCIENCE VOL 323 20 FEBRUARY 2009

1037



REPORTS

1038

was treated with 2% aqueous HNO; and dried
before addition of the metals (/8). For the Au-Pd
catalysts on oxide supports, this step led to a de-
crease in combined hydrogenation and decom-
position, but for the carbon support, the Au-Pd
catalysts showed no such activity when reacting a
4 weight percent (wt %) H,O, solution (Table 1).

To investigate this effect, we examined the sta-
bility of higher concentration solutions of H,O,
using the carbon-supported materials. Solutions
of H,O, were stirred with high pressure H, (5%
H,/CO,, 3 MPa) in the presence of the support or
the catalyst (10 mg) for 30 min at 2°C (i.e., stan-
dard reaction conditions without the addition of
0,); representative data are shown in Fig. 1. Pd
and Au-Pd catalysts on untreated carbon, as well
as the bare support itself, react in a similar man-
ner and give sequential hydrogenation. These re-
sults show that the support plays a crucial role in
the performance of catalysts for the direct re-
action because it controls the manner in which the
active components are dispersed, as well as pro-
viding the sites on which H,0O, hydrogenation-
decomposition, and hence product loss, occurs.
However, the acid-pretreated carbon support shows
some reduction in H,O, hydrogenation activity
relative to the nontreated material, but when it is
loaded with Pd the rate of hydrogenation of H,O,
becomes identical to that of the corresponding non-
treated Pd/C catalyst, showing that the nonselective
hydrogenation sites have been restored (Fig. 1A). In
stark contrast, the acid-pretreated Au-Pd alloy cat-
alyst shows no substantial activity for the sequential
hydrogenation of HyO,, up to 14 wt % H,0,, and
only at a concentration of 17.5 wt % does some
sequential hydrogenation begin to occur.

We then investigated the carbon-supported
Au-Pd catalysts at 2°C using nonexplosive dilute
H,/O, mixtures [(H, < 4 volume percent (vol %)]
with CO, as a diluent and using methanol/water
as a solvent; under these conditions, we observed
a marked increase in the yield of H,O, and the
selectivity of H, utilization (Table 2, experiments
1 to 3). No enhancement was observed for sim-
ilarly pretreated Pd-only catalysts (Table 2, ex-
periments 4 to 6), whereas a slight positive effect
is still observed for pretreated Au catalysts (Table
2, experiments 7 to 9). An enhancement was
always observed with the Au-Pd alloy catalysts
when the acid pretreatment was conducted before
metal addition (Table 2, experiments 1 to 3).
Nitric and acetic acids were the most effective
acids tested to date (Table 2, experiments 9 to
12), whereas base pretreatment with ammonium
hydroxide invariably led to a decrease in yield
(Table 2, experiment 13). Treatment with water
alone, or ammonium, sodium, or potassium ni-
trates had no effect (Table 2, experiments 2, 14 to
16), confirming that it is the exposure to acid that
is important. The materials prepared using acid-
pretreated supports combined with a calcination
at 400°C were found to give catalysts that could
be reused several times (Fig. 1B) without any
loss of performance. For each use, the acid-
pretreated catalyst gave an initial rate of 640 mol

H,0, kge ".h™! determined at 2 min reaction
time, and 160 mol H,0, kgcm_l.h—l determined
at 30 min reaction time, with 40% hydrogen
conversion. The addition of nitric acid to the
reaction mixture before HO, synthesis—which
is an established procedure for stabilizing H,O,
(1, 2, 10-12) because H,O, decomposition is
known to be a base catalyzed process—also led
to an enhancement in the yield of H,O,, but the
effect was not sustained upon subsequent catalyst
reuse (Fig. 1B). Treatment of any of the supports
after metal deposition did not enhance catalyst
performance, and addition of nitric or hydro-
chloric acid during the metal impregnation step
did not lead to any enhancement (Table 2, experi-
ments 17,18); indeed, the addition of hydrochloric
acid was deleterious. These results demonstrate
the importance of the precise manner in which
the acid pretreatment is carried out. However,
neither the acid concentration nor the duration of

the acid pretreatment are critical; the effect can be
observed even when quite dilute acid solutions
(2 vol %) are used.

Interestingly, both the untreated and the acid-
pretreated Au catalyst also show no activity for
sequential hydrogenation (Fig. 1A); unfortunately,
both these catalysts also show remarkably little
activity for H,O, synthesis (Table 2, experiments
7 to 9). However, these results do show that the
adsorption of Au onto the surface of the carbon
support blocks the sites responsible for loss of
H,0, because the catalyst has no activity for the
decomposition reaction. Hence, we consider that it
is the interaction of Au with the pretreated C sup-
port that is crucial for observing this new effect of
switching off H,O, hydrogenation/decomposition.
The switch-off phenomenon was also observed
after the acid-pretreated Au-Pd/C catalysts had
been used for the direct synthesis reaction, and,
indeed, this effect was sustained after several

Table 1. Effect of acid pretreatment of the support on the hydrogenation and decomposition of

Hzoz.
Support only Au-Pd catalyst*
Support Untreated Pretreatedt Untreated Pretreatedt
Hydrogt Decomp§ Hydrogt Decomp§ Hydrogt Decomp§ Hydrogt Decomp§

ALO; 0 0 0 24 3 16 8
TiO, 0 0 0 12 6 13 4
Sio, 0 0 0 15 8 12 1
Carbon 4 1 3 5 2 0 0

*Catalysts contain 2.5 wt % Au—2.5 wt % Pd co-impregnated onto the support (wt % = mass fraction).
1H,0, hydrogenation conditions: catalyst (10 mg), 2.9 MPa H,

HNOs in aqueous solution (volume fraction = 2% HNO53).

(volume fraction 5%)/CO,, 2°C, 0.5 hours, methanolUwater as solvent, stirring rate 1200 rpm (126 rad/s).

1Treated with 2%

§H,0,

decomposition conditions: catalyst (10 mg), air, atmospheric pressure, 2°C, 0.5 hours, methanol/water as solvent, stirring rate

1200 rpm.

Table 2. Activity and selectivity of pretreated and untreated carbon-supported catalysts for H,0,
synthesis at 2°C. All catalysts calcined in air 400°C for 3 hours. Reaction conditions: 10 mg catalyst
using carbon as support, 2.9 MPa H, (5% volume fraction)/CO, 1.1 MPa O, (25% volume fraction)/CO,,
2°C, 0.5 hours, methanol/water as solvent, pretreated as indicated for 30 min.

Experiment H,0, selectivity Productivity
number Catalyst* Pretreatmentt (%) (mol kge.e™* h™H
1 2.5% Au—2.5% Pd/carbon None 80 110

2 2.5% Au—-2.5% Pd/carbon  Water 80 112

3 2.5% Au—2.5% Pd/carbon 2% HNO3 >98 160

4 5% Pd/carbon None 42 50

5 5% Pd/carbon Water 42 50

6 5% Pd/carbon 2% HNO3 42 52

7 5% Au/carbon None ndi 0.4

8 5% Au/carbon Water ndi 0.4

9 5% Au/carbon 2% HNO3 ndt 0.5

10 2.5% Au—2.5% Pd/carbon 2% CH3COOH >98 175

11 2.5% Au—2.5% Pd/carbon 2% H3PO,4 30 120

12 2.5% Au—2.5% Pd/carbon 2% HCl 15 130

13 2.5% Au—2.5% Pd/carbon 2% NH40H 24 70

14 2.5% Au—2.5% Pd/carbon 2% NH4NO3 80 100

15 2.5% Au—2.5% Pd/carbon 2% KNO3 80 120

16 2.5% Au—2.5% Pd/carbon 2% NaNOs 80 122

17 2.5% Au—2.5% Pd/carbon HCLsI 5 20

18 2.5% Au—2.5% Pd/carbon HNO;8 35 98

*Metal loadings denoted as mass fractions. tAcid concentration expressed in terms of volume fraction. fNot determined due
to yields being very low. §Added to slurry during catalyst preparation. |IConcentration 1 kmol/m? in aqueous solution.
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uses. Hence, the catalysts can be used multiple
times without loss of activity for the direct H,O,
formation reaction or gaining activity for H,O,
hydrogenation/decomposition.

We carried out a direct synthesis reaction with
the pretreated AuPd/C catalyst in the presence of
H,0, (4.3 wt %), and after 30 min of reaction
additional H,O, is produced (0.1 wt %), whereas
with the untreated catalyst only decomposition/
hydrogenation is observed (/8). The opposing
reactivity of this pair of catalysts directly shows
that the acid pretreatment has switched off the
sequential hydrogenation of H,O, for the Au-Pd
catalyst, thus leading to the observed enhanced
activities and selectivities. In our synthesis experi-
ments, we used a stirred autoclave and can only

synthesize relatively dilute H,O, solutions. How-
ever, the acid-pretreated Au-Pd/C catalysts could
be used in a set of sequential experiments in which
the gases were repeatedly replenished at 30-min
intervals (Fig. 1C). Acid-pretreated Au-Pd catalysts
steadily increased the H,O, concentration, whereas
untreated Pd and Au-Pd catalysts exhibited mark-
edly inferior performance because of enhanced
H,0, hydrogenation/decomposition.

Bulk and surface analysis of the acid pre-
treated supported catalysts revealed no marked
distinguishing characteristics (figs. S1 to S3) (18),
but our previous scanning transmission electron
microscopy (STEM) annular dark field (ADF)
analysis of the untreated Au-Pd/C sample revealed
a trimodal particle size distribution (/9). The
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Fig. 1. (A) Performance of acid-pretreated carbon-supported catalysts compared with nontreated catalysts
for the hydrogenation of H,0,. Dashed-dotted line: filled squares, untreated 2.5% Au—2.5% Pd/C; filled
circles, untreated carbon support. Dashed line: filled triangles, untreated 5% Pd/C; open triangles,
pretreated 5% Pd/C. Dotted line: open squares, pretreated support. Solid line: open circles, pretreated
2.5% Au—2.5% Pd/C; inverted open triangles, pretreated 5% Au /C; inverted filled triangles, untreated
5% Au /C. Reactions were carried out with H,0; in solvent [methanol (5.6 g) and water (2.9 g)] at 2°C with
1200 rpm, stirring for 30 min under 420 psig (2.90 x 10° Pa) 5% H,/CO,. The data show that for the
pretreated Au-Pd and Au catalysts the hydrogenation and decomposition of H,0, is switched off, whereas
extensive hydrogenation/decomposition is observed with nontreated AuPd and Pd catalysts; results are
shown for the extent of hydrogenation/decomposition (wt % = mass fraction). (B) Performance of acid-
pretreated catalysts compared with nontreated catalysts for the synthesis of H,0,. The untreated
(triangles) and 2% HNO; treated (squares) catalysts are stable over four uses, with the latter showing a
higher activity. The addition of 2% HNOs in the autoclave with the untreated catalyst (circles) shows a
higher initial activity that is lost on subsequent reuse (it remains at the same level as the untreated catalyst
in subsequent reuses). (C) The effect of sequential experiments using gas top-up on hydrogen peroxide
concentration. The acid-treated Au-Pd/carbon (squares) catalyst shows increasing hydrogen peroxide
concentration as reactant gases are refreshed (18). In contrast, the untreated Au-Pd/carbon (triangles) catalyst
and 5% Pd/carbon (circles) catalyst show no increase in hydrogen peroxide concentration as the gases are
refreshed, due to enhanced hydrogen peroxide hydrogenation/decomposition for the nontreated catalysts.
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smallest particles fell in the range of 2 to 5 nm,
intermediate size particles were ~10 to 50 nm in
size, and occasional particles were observed exceed-
ing 70 nm. X-ray energy dispersive spectroscopy
(STEM-XEDS) spectrum images also showed that
the composition of the metal nanoparticles varied
with size in a systematic manner (/9), such that the
smallest particles tended to be Pd-rich whereas the
largest particles were highly Au-rich.

However, as shown in the STEM-XEDS spec-
trum image data presented in Fig. 2, A to F, and
fig. S4 (18), no surface segregation of Pd or Au
was detected in either the untreated or acid pre-
treated catalysts, and this was confirmed by x-ray
photoemission spectroscopy (XPS) (figs. S2 and
S3) (18). Instead, all of the particles were homo-
geneous Au-Pd alloys, in contrast to the core-shell
structure observed previously in similar Au-Pd
particles on oxide supports. Finally, the STEM-
XEDS data indicates that the acid pretreatment
does not appear to alter the trend in the particle-
size/composition dependence, and, thus, the switch-
ing off of H,O, hydrogenation/decomposition
and enhancement in activity observed with acid
pretreatment is not caused by the specific mor-
phology changes of the Au-Pd alloy particles.

A major difference between the acid-treated
and untreated Au-Pd/C samples was found in the
alloy particle size distribution (see the histogram
in Fig. 2G). Acid pretreatment of the support
improved nanoparticle nucleation and favored
the formation of a greater number fraction of the
smallest (Pd-rich alloy) particles at the expense of
the intermediate (similar Au-Pd content) and large
(Au-rich) particles, which is consistent with the
increased surface Au content determined from XPS
(figs. S2 and S3) (18). The acid-pretreated Au-Pd/C
sample exhibited only the small (2 to 5 nm) and
intermediate (10 to 50 nm) Au-Pd homogeneous
alloy particles of similar composition to their coun-
terparts observed in the untreated sample. Further-
more, no Au-Pd particles >50 nm were found in the
acid-pretreated catalyst, whereas very large Au-
rich particles were readily observed on the untreated
carbon support. Thus, the beneficial effect of acid
pretreatment is to enhance the gold dispersion in
the bimetallic alloy particles by generating smaller
Au-Pd nanoparticles, and these presumably deco-
rate sites on the support that are otherwise active
for the hydrogenation/decomposition of H,0,.
The increase in activity for the direct synthesis of
H,0, is therefore due to the formation of smaller
active alloy nanoparticles, and the enhancement
in selectivity toward H,O, is caused by these
small particles switching off the active sites for
H,0, decomposition. The observation that small
nanoparticles are required for high activity is
consistent with recent observations for Au and Pd
catalysts (20-22).

We find similar effects for pure Au/C cata-
lysts where the acid pretreatment decreases the
average Au particle size (Fig. 2H). Interestingly,
no such effect is observed for the dispersion of
pure Pd/C (Fig. 2I), which is consistent with the
concomitant lack of enhancement in the catalytic
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performance due to acid pretreatment (Table 2,
experiments 4 to 6). Apparently, to observe this
particle size redistribution, Pd has to be alloyed
with Au. Hence, we conclude that the acid pre-
treatment of the carbon support, by itself, leads to a
partial decrease in the active sites for nonselective
hydrogenation, which gives rise to a subsequent
improvement in the dispersion of the Au-Pd alloy
particles and leads to a complete switching off of
the sites for sequential hydrogenation. This effect
is probably achieved by Au altering the physical
or electronic structure of Pd sufficiently to inhibit

its hydrogenation ability. This inhibition is analogous
to the observation by Goodman and co-workers
(23) for Au-Pd model catalysts for the synthesis of
vinyl chloride monomer (VCM), where Au pro-
moted the reaction through a slight alteration of the
atomic spacing of Pd, which did not affect VCM
synthesis but did inhibit its decomposition.

The results above are based on small-scale ex-
periments in a stirred autoclave for short reaction
periods (30 min). In a further set of experiments
designed to examine the stability of these catalysts,
we stirred the pretreated catalyst (100 mg) in the

reaction medium (5.6 g MeOH and 2.9 g H,0) in
the presence of the reaction gases (5% H,/CO,
and 25% O,/CO, mixed to give a H,/O, mol
ratio = 1:2, 3.7 MPa) at 2°C for 98 hours. We
then recovered the catalyst that had been aged in
this way and carried out the synthesis of H,0O,
under standard reaction conditions and found
that the reactivity and selectivity were identical
to that of a fresh catalyst. In addition, the key effect
had been retained because the decomposition of
H,0, remained switched off in the aged catalyst.
We also note from high-angle ADF (HAADF)
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Fig. 2. STEM-XEDS and particle size distributions for acid-pretreated and
nontreated catalysts. (A to F) Representative STEM-XEDS data sets for the
unwashed [(A) to (C)] and acid-washed [(D) to (F)] Au-Pd/C catalysts. Shown
are the STEM HAADF images [(A) and (D)] with accompanying Au-M,, [(B) and
(B)] and Pd-L,, [(C) and (F)] XEDS maps. (G) Particle size distribution of alloy
particles for the untreated and acid-pretreated Au-Pd/carbon catalysts. (H)
Particle size distribution of Au particles for the untreated and acid-pretreated
pure Au/carbon catalysts. (I) Particle size distribution of Pd particles for the
untreated and acid-pretreated pure Pd/carbon catalysts. The acid pretreatment
shifts the Au and the Au-Pd particle size distribution toward the lower end of the
size scale, whereas there is no tendency for acid pretreatment to alter the Pd
particle size distribution.
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imaging (fig. S5) (18) that intermediate and small
particles are retained in the catalyst after the 98-hour
aging treatment. Hence, the beneficial effect of the
acid pretreatment is not short lived. We consider
that with appropriate development and reaction en-
gineering (i.e., scaling up using continuous flow
reactors with pelleted or extruded catalyst formula-
tions), our discovery, made using powdered cata-
lysts in a small-scale batch autoclave reactor, can
underpin the generation of H,O, at the 3 to 8%
concentration levels required in most chemical and
medical applications

One benefit of the direct process (24) is that it
will permit local synthesis on a small scale as and
when required, thereby ensuring that H,O, no longer
needs to be stored or transported, both of which are
potentially hazardous, as demonstrated by a recent
road tanker explosion in the United Kingdom (25).
In particular, the process lends itself to small-scale
generation of H,O,, which could be of great value
for the production of medical antiseptics where the
H, would be generated from water by electrolysis.
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Strong Release of Methane
on Mars in Northern Summer 2003

Michael J. Mumma,™ Geronimo L. Villanueva,?® Robert E. Novak,” Tilak Hewagama,®*
Boncho P. Bonev,?3 Michael A. DiSanti,> Avi M. Mandell,> Michael D. Smith3

Living systems produce more than 90% of Earth's atmospheric methane; the balance is of
geochemical origin. On Mars, methane could be a signature of either origin. Using high-dispersion
infrared spectrometers at three ground-based telescopes, we measured methane and water

vapor simultaneously on Mars over several longitude intervals in northern early and late summer
in 2003 and near the vernal equinox in 2006. When present, methane occurred in extended
plumes, and the maxima of latitudinal profiles imply that the methane was released from discrete
regions. In northern midsummer, the principal plume contained ~19,000 metric tons of
methane, and the estimated source strength (>0.6 kilogram per second) was comparable to that
of the massive hydrocarbon seep at Coal Oil Point in Santa Barbara, California.

composed primarily of carbon dioxide

(CO,, 95.3%), along with minor nitrogen
(N, 2.7%), carbon monoxide (CO, 0.07%), ox-
ygen (O, 0.13%), water vapor (H,O, 0 to 300
parts per million), and radiogenic argon (1.6%);
other species and reduced gases such as methane
(CH,) are rare. CH4 production by atmospheric
chemistry is negligible, and its lifetime against
removal by photochemistry is estimated to be
several hundred years (/-3) or shorter if strong
oxidants such as peroxides are present in the
surface or on airborne dust grains (4). Thus, the

The atmosphere of Mars is strongly oxidized,
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presence of substantial amounts of CH4 would
require its recent release from subsurface reser-
voirs; the ultimate origin of this CH, is uncertain,
but it could be either abiotic or biotic (2, 3, 6).

Before 2003, all searches for CH, were nega-
tive (7-9). Since then, three groups have reported
detections of CHy (10-18); see (19-24) for dis-
cussion. Spectral data from the Mars Express
mission contain five unidentified spectral features
between 3000 and 3030 cm ', one of which co-
incides with the expected position of the CH4 Q
branch (75, 18, 25). The data span all seasons
and extend over several years, but low S/N ratios
require averaging the spectra over two of the three
key dimensions (longitude, latitude, and time).
Other searches featured low spatial coverage (16)
or sparse seasonal coverage (/6, 17), and the
results (CH4 mixing ratios) are best interpreted
as upper limits.

We report measurements of CH, in northern
summer in 2003 and estimate its source strength
and its (short) destruction lifetime. Our search

covered about 90% of the planet's surface and
spanned 3 Mars years (MYs) (7 Earth years). Our
results (/0~14) are based on the simultancous
detection of multiple spectrally resolved lines of
CHy, and each observation is spatially resolved,
allowing examination of spatial and temporal ef-
fects. Our spatial maps reveal local sources and
seasonal variations.

To search for CH, and other gases on Mars,
we used the high-dispersion infrared spectrometers
at three ground-based telescopes. Here we report
data from CSHELL/IRTF (Hawaii) and NIRSPEC/
Keck-2 (Hawaii) [supporting online material text
1 (SOM-1)]. Each spectrometer features a long
entrance slit that is held to the central meridian of
Mars (Fig. 1A) while spectra are taken sequentially
in time (fig. S1). Pixelated spectra were acquired
simultaneously at contiguous positions along the
entire slit length, for each observation, providing
35 spectra at 0.2-arc second (arc sec) intervals
(~195 km at disk center) when Mars’ diameter
is 7 arc sec (Fig. 1A). We binned these data (in
groups of three along the slit) to provide latitu-
dinally resolved spectra, and then in time (longi-
tude) to improve the S/N ratio (SOM-1). Here
we focus on three dates in 2003 [universal time
(UT) 12 January, 19 March, and 20 March] and
one in 2006 (UT 26 February) (Table 1).

Our spectra exhibit strong lines of terrestrial
H,0 (2v, band) and CH4 (v3) along with weaker
lines of O5 (3v3) seen against the continuum (Fig.
1, B and C, top). We corrected the data for tellu-
ric extinction (SOM-2). At 3.3 um, Mars is seen
mainly in reflected sunlight, so the collected spectra
also contain Fraunhofer lines (SOM-3). Removing
these two components from a composite spectrum
exposed the residual Mars atmospheric spectrum
(Fig. 1, B and C) (26). One line of CH, and three
distinct lines of H,O are seen in each panel.

CH, consists of three separate nuclear spin
species (A, E, and F) that act as independent
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